MicroRNA (miRNA) biogenesis is known to be modulated by a variety of RNA-binding proteins (RBPs), but in most cases, individual RBPs appear to influence the processing of a small subset of target miRNAs. Here, we report that the RNA-binding NONO-PSF heterodimer binds a large number of expressed pri-miRNAs in HeLa cells to globally enhance pri-miRNA processing by the Drosha-DGCR8 Microprocessor. NONO and PSF are key components of paraspeckles organized by the long noncoding RNA (lncRNA) NEAT1. We further demonstrate that NEAT1 also has a profound effect on global pri-miRNA processing. Mechanistic dissection reveals that NEAT1 broadly interacts with the NONO-PSF heterodimer as well as many other RBPs and that multiple RNA segments in NEAT1, including a 'pseudo pri-miRNA' near its 3′ end, help attract the Microprocessor. These findings suggest a 'bird nest' model in which an lncRNA orchestrates efficient processing of potentially an entire class of small noncoding RNAs in the nucleus.
a r t i c l e s miRNAs are a class of 21-22 nt small noncoding RNAs that are extensively involved in post-transcriptional regulation of gene expression in diverse organisms from plant to animal [1] [2] [3] . Whereas a small fraction of miRNAs are encoded by their own genes, ~80% of annotated miRNAs are derived from various large coding and noncoding transcripts 4 . These initial transcripts, known as pri-miRNAs, are pro cessed to pre-miRNAs by the Microprocessor, consisting of DROSHA and DGCR8 in the nucleus; after nuclear export by Exportin 5, pre-miRNAs are further processed into mature miRNAs by DICER before entering the RNA-induced silencing complex, or RISC 5 .
Although the general miRNA biogenesis pathway has been elucidated and the core machineries for each processing step have been identified and well characterized, it is also known that each step of miRNA biogenesis is subjected to modulation, resulting in homeostatic expression of miRNAs in a highly cell-type-and tissue-specific manner. A recent study revealed a key histone variant involved in the global regulation of pri-miRNA expression at the level of transcription 6 . Pri-miRNA processing has been suggested to take place cotranscriptionally, but the existing evidence is largely based on the characterization of one or a few pri-miRNAs; however, these characterizations were not conducted genome-wide [7] [8] [9] [10] . Therefore, although cotranscriptional pri-miRNA processing has been a popular and, to a large extent, widely accepted concept, we actually do not know to what degree a given pri-miRNA is processed cotranscriptionally or post-transcriptionally, which is an important question for understanding miRNA biogenesis and regulation in specific cells, tissues, and organs under normal physiological conditions and during disease processes.
During and after transcription, a large number of RBPs and RNA helicases, as well as post-translational modifications of these regulators, have been documented to modulate miRNA biogenesis in individual processing steps 5 . To date, however, all characterized RBPs appear to modulate a single miRNA or a small subset of miRNAs by interacting with specific cis-acting elements and/or secondary structures in pri-or pre-miRNAs. Such specific modulation probably contributes to the differential expression of miRNAs, even among those expressed from the same pri-miRNA transcripts.
Paraspeckles were discovered in 2002 through the identification of specific RBPs that are localized adjacent to nuclear speckles, where most pre-mRNA-processing factors are concentrated 11, 12 . Both speckles and paraspeckles are permanent nuclear subdomains in most cell types, but their functions have been a continuous subject for debate and investigation [13] [14] [15] [16] [17] [18] . Notably, each of these nuclear subdomains is associated with an abundant lncRNA known as MALAT1 in speckles and NEAT1 in paraspeckles 19, 20 , with NEAT1, but not MALAT1, being essential for maintaining the structural integrity of the corresponding nuclear subdomain 17, 21, 22 . Thus far, the only known or postulated function for paraspeckles is in the retention of certain a r t i c l e s hairpin-containing RNAs, particularly those derived from expressed Alu repeats 23, 24 , and another specific lncRNA 23 , and in the sequestration of various RBPs 25, 26 . However, both MALAT1 and NEAT1 have been shown to interact with some actively transcribed genes in the nucleus 15, 27 , thus raising the question of whether these lncRNAs and/ or their associated nuclear subdomains are more actively involved in regulated gene expression, rather than simply serving as storage sites for various RNAs and proteins.
In the present study, we initially examined the differential expression of miRNAs processed from the same pri-miRNAs, which led to the elucidation of roles for NEAT1 and key paraspeckle components in the global regulation of pri-miRNA processing. Interestingly, NEAT1 harbors an apparently pseudo miRNA, which is poorly processed into mature miRNA. We found that this pseudo miRNA functions to attract the Microprocessor, whereas other RNA sequences and/or secondary structures in NEAT1 provide a general binding platform for various RBPs, some of which are engaged in extensive interactions with expressed pri-miRNAs. Our findings suggest a bird nest model for an lncRNA-organized machinery to globally enhance pri-miRNA processing, which also reveals critical insights into the formation and function of paraspeckles in the nucleus.
RESULTS

Paraspeckle components involved in pri-miRNA processing
We initially wanted to understand how different miRNAs encoded in the same primary transcripts were differentially processed in the cell. For instance, the primary miR-17-92a transcript gave rise to six mature miRNAs with dramatic differences in abundance in HeLa cells ( Supplementary Fig. 1a ; primers used for quantitative analysis are in Supplementary Table 1 ). Neither the knockdown of DICER nor the combined knockdown of AGO proteins 1-4 altered the relative abundance of individual miRNAs from the pri-miR-17-92a locus ( Supplementary Fig. 1b-e ; antibodies used for western blotting are in Supplementary Table 2 ), thus implying differential miRNA processing at the pri-miRNA level, which is known to be modulated by various RBPs 5 . We therefore prepared individual biotinylated pri-miRNAs from the miR-17-92a locus to compare their relative efficiencies in pulling down specific proteins from HeLa nuclear extracts. Pri-miR-19a and pri-miR-19b appeared to be more efficient in pulling down several proteins, which we identified by means of MS to correspond to two classes of RBPs ( Fig. 1a ; peptides identified by MS are listed in Supplementary Table 3 ). We confirmed the binding of these proteins on multiple pri-miRNAs by means of western blotting (data not shown) and direct in vivo crosslinking. One of the classes of RBPs contained NONO (also known as P54NRB), PSF (SFPQ), and PSPC1 (PSP1), all of which are key RBP constituents of paraspeckles 28 . The other class consisted of ILF3 (NF90) and ILF2 (NF45), which were previously implicated in nuclear export of a viral RNA 29 . We also identified heterogeneous ribonucleoprotein hnRNP A2/B1 and hnRNPA1, the latter of which has been previously shown to enhance pri-miR-18a processing 30 . Because pri-miRNAs are hairpin-containing RNAs, we chose to focus on the RBPs associated with paraspeckles whose sole function known to date is to retain or sequestrate various Alu-derived hairpin RNAs, lncRNAs, and RBPs in the nucleus [23] [24] [25] [26] 31 .
Using RT-qPCR, we first determined whether the individual paraspeckle-associated RBPs we identified might affect the production of mature miRNAs. Using two independent short interfering RNAs (siRNAs) against each RBP, we found that knockdown of NONO and PSF, but not PSPC1, reduced the expression of all miRNAs from the miR-17-92a locus and showed corresponding increases in their *** a r t i c l e s pri-miRNA in HeLa cells (Fig. 1b,c and Supplementary Fig. 2a-c) . We further confirmed these results using individual miRNA-sensor reporters ( Supplementary Fig. 2d,e ). We noted that the effects of NONO and PSF knockdowns were relatively weak compared to those of DROSHA knockdown, thus implying that NONO and PSF show a degree of positive influence on pri-miRNA processing, rather than being essential for the process. However, we could not rule out the possibility that the residual proteins provided part of the essential function. This is particularly pertinent to PSPC1, as knockdown of PSPC1 caused a minor increase in the expression of multiple miRNAs ( Fig. 1c, right) . We therefore attempted to use CRISPR-Cas to generate knockout cell lines for each of these RBPs. Knockout of NONO or PSF caused cell lethality, consistent with their involvement in many critical cellular functions, including transcription and pre-mRNA splicing [32] [33] [34] . In contrast, PSPC1 appeared to be dispensable for cell viability. Using two independent PSPC1-null cell lines (the absence of detectable PSPC1 protein confirmed by western blotting), we found that ablation of PSPC1 significantly increased the expression of multiple miRNAs that we examined ( Supplementary Fig. 2f,g) , an effect also shown from the partial knockdown of PSPC1 by siRNA ( Fig. 1c) . Because NONO and PSF, but not PSPC1, are required for the structural integrity of paraspeckles 22, 28 (Supplementary Fig. 3a) , we chose to first focus on understanding the mechanism for these two paraspeckle components stimulating pri-miRNA processing.
Global effect of NONO-PSF and NEAT1 in pri-miRNA processing
Given the correlation between paraspeckle disassembly and compromised pri-miRNA processing in NONO-and PSF-knockdown cells, we were curious about the role of NEAT1, which is required for the organization and maintenance of paraspeckles 21, 22, 24, 35 . We observed a similar effect on pri-miRNA processing upon knockdown of NEAT1, and by contrast, knockdown of MALAT1, associated with nuclear speckles 36, 37 , showed no effect ( Fig. 1b,c) . We obtained effects similar to those of NEAT1 knockdown by using a 'stealth' siRNA, in which the sense strand is modified so that only the antisense strand can enter the RISC to minimize potential off-target effects 26 , and by generating NEAT1-null cells with CRISPR-Cas ( Fig. 1d and Supplementary Fig. 3b ). None of the knockdowns had a measurable influence on the expression of the Microprocessor DROSHA-DGCR8 or multiple other paraspeckle-associated RBPs we examined ( Supplementary Fig. 3c-f ). These data revealed key roles of specific paraspeckle components, as well as the organizing lncRNA, in enhancing miRNA biogenesis at the pri-miRNA level. The data presented above were based on analysis of miRNAs from the mir-17-92a locus. To explore the potential functional impact genome-wide, we performed small-RNA sequencing (small-RNAseq) in response to knockdown of NONO, PSF, or PSPC1 in HeLa cells. Because human NEAT1 expresses two isoforms, V2 (23-kb fulllength NEAT1, 20 kb in mice) and V1 (3.7-kb 5′ portion of V2, 3.2 kb in mice), the latter of which results from an early polyadenylation event 18, 35, 38 , we separately knocked down NEAT1_V1 and NEAT1_V2 (note that V1 knockdown would also diminish V2, and thus, we label it as NEAT1). We performed small-RNA-seq under each treatment condition in duplicate and included a spike-in RNA during library construction for quantitative analysis (Online Methods, sequencing statistics shown in Supplementary Table 4 ). The amount of spike-in RNA, as well as fragments of other noncoding RNAs, such as tRNAs, snoRNAs, and rRNAs, showed a linear relationship between duplicated experiments, despite different sequencing depths ( Supplementary  Fig. 4a,b) ; upon normalization against both external and internal reference RNAs 39 , all duplicated libraries showed high reproducibility ( Supplementary Fig. 4c,d) . We thus combined uniquely mapped reads from duplicated libraries, obtaining ~20 million total uniquely mapped reads under each treatment condition. We plotted the miRNA levels from each knockdown against those from control cells treated with siRNA against GFP. Strikingly, 64-80% of a total of 532 expressed miRNAs with a read number >30 in control siRNA-treated HeLa cells were down regulated upon knockdown of NONO, PSF, and NEAT1 (both V1 and V2), and again, PSPC1 knockdown showed the opposite effect on many miRNAs (Fig. 1e,f) . We validated the sequencing results Fig. 4e,f) . These findings revealed a global role of specific paraspeckleassociated RBPs and NEAT1 in pri-miRNA processing.
To further demonstrate compromised pri-miRNA processing, we constructed a pri-miRNA-processing reporter by inserting the pri-miR-17-92a sequence in the 3′ UTR of the Renilla luciferase reporter (Fig. 2a) ; compromised pri-miRNA processing would lead to increased luciferase activity. Knockdown of NONO, PSF, or NEAT1 all caused elevated luciferase activities, similar to knockdown of HNRNPA1, as previously shown 30 , whereas knockdown of either DICER or PSPC1 showed no effect (Fig. 2b) . These observations imply a more direct role of NONO-PSF, and NEAT1, but not PSPC1, in pri-miRNA processing. We next performed overexpression-rescue experiments and demonstrated that overexpression of NONO and PSF stimulated pri-miRNA processing, and their siRNA-resistant cDNAs rescued the defects in specific siRNA-treated cells (Fig. 2c) . These data provide further evidence for the involvement of NONO-PSF in enhancing pri-miRNA processing by the Microprocessor.
Prevalent binding of NONO-PSF on expressed pri-miRNAs in HeLa cells
To investigate how NONO-PSF might facilitate global pri-miRNA processing, we performed UV crosslinking immunoprecipitation coupled with deep sequencing (CLIP-seq) to identify their direct RNA targets. Both anti-NONO and anti-PSF antibodies efficiently brought down the NONO-PSF heterodimer, as reported previously 40, 41 , each a r t i c l e s of which was crosslinked to RNA, as detected by 32 P labeling with T4 polynucleotide kinase ( Fig. 3a and Supplementary Fig. 5a ). We separately isolated protein-RNA adducts after trimming RNA with micrococcal nuclease for CLIP-seq library construction. Libraries from reciprocal immunoprecipitation showed high reproducibility among all NONO-PSF CLIP-seq experiments (Supplementary Fig. 5b) .
We thus combined uniquely mapped, PCR-duplicate-removed reads, obtaining ~14 million reads for NONO and ~18 million reads for PSF (sequencing statistics in Supplementary Table 4 ). The deduced NONO and PSF binding peaks were similarly distributed in the human genome with a large fraction on intronic and 3′ UTR regions ( Supplementary Fig. 5c ), consistent with their established roles in pre-mRNA processing 32, 34, 42 . Importantly, we found that both NONO and PSF bound 263 transcribed pri-miRNAs, about two-thirds of expressed pri-miRNAs in HeLa cells (Fig. 3b,c) , as illustrated by their highly discrete binding on all six pri-miRNAs encoded in the pri-miR-17-92a locus (Fig. 3d) , as well as on many other representative pri-miRNAs ( Supplementary  Fig. 5d ). We noted that such PSF binding on expressed pri-miRNA was not as prevalent in HepG2 as we observed in HeLa cells, based on a similar analysis of the existing PSF eCLIP data from the ENCODE consortium (data not shown). Additionally, the number of downregulated miRNAs was clearly larger than that of NONO-PSF-bound pri-miRNAs. These observations imply potential cell-type specificity with respect of NONO-PSF binding on expressed pri-miRNAs and suggest roles of other paraspeckle-associated RBPs in pri-miRNA processing, which were likely affected by induced paraspeckle disassembly 28 .
Interestingly, we also detected prevalent binding of the NONO-PSF heterodimer on NEAT1 but with a dramatically distinct binding pattern compared to their discrete binding on pri-miRNAs ( Fig. 3e) . Such continuous binding on both ends of NEAT1 is consistent with the proposed structure of paraspeckles having both of its ends exposed at the periphery of this subnuclear domain 43 . For comparison, we also displayed the published DGCR8 CLIP-seq data on NEAT1 (ref. 44) .
Although the DGCR8 CLIP-seq read density is relatively low on the lncRNA, the reads showed two binding clusters: one at the 5′ end and the other on pri-miR-612 at the 3′ end of NEAT1 (marked at the bottom of Fig. 3e) . Notably, although NEAT1 is extremely abundant in the cell, we found that mature miR-612 was nearly undetectable from our small RNA-seq experiments or by RT-qPCR (data not shown). We further confirmed its poor processing by comparing a pri-miR-612processing reporter with the reporter derived from pri-miR-17-92a in response to Microprocessor knockdown (Supplementary Fig. 6a ). This finding suggested that miR-612 might be a 'pseudo' miRNA, and its primary function might be to serve as an anchor for attracting the Microprocessor to NEAT1. These data therefore begin to paint a general picture in which NEAT1 might function as a scaffold, not only for a large number of RBPs, but also for the Microprocessor, thereby facilitating their kinetic interactions that lead to more efficient pri-miRNA processing in the nucleus.
NEAT1 mediates interaction of NONO-PSF with the Microprocessor
To provide evidence for NEAT1-mediated interactions between NONO-PSF and the Microprocessor, we performed reciprocal immunoprecipitation with NONO and DGCR8, and found that NONO was indeed able to bring down both endogenous and exogenous FLAGtagged DGCR8 in HeLa cells ( Fig. 4a and Supplementary Fig. 6b,c) . Importantly, RNase A treatment greatly reduced the interactions of NONO with DGCR8, but not with PSF, indicating direct proteinprotein interactions between NONO and PSF and RNA-mediated interactions between NONO-PSF and the Microprocessor (Fig. 4b) .
As predicated, specific antibodies against DGCR8 and NONO also brought down both isoforms of NEAT1 (Fig. 4c) . Interestingly, both also pulled down MALAT1, which is known to interact with numerous RBPs involved in pre-mRNA splicing 37 . To determine whether any of these lncRNAs mediated the interactions between NONO-PSF and the Microprocessor, we performed siRNA knockdown ( Fig. 4d) and found that NEAT1 knockdown largely abolished the in vivo interactions a r t i c l e s of NONO with the Microprocessor without affecting its interaction with PSPC1 ( Fig. 4e) . By contrast, MALAT1 knockdown showed no impact on any of these interactions (Fig. 4f) . These data strongly suggested that NEAT1 specifically bridged the interactions between paraspeckle components and the Microprocessor in the cell.
NEAT1_V1 enhances pri-miRNA processing in a NEAT1_V2 dependent manner
Because the NONO-PSF heterodimer interacts with numerous regions in NEAT1 and the smaller V1 isoform of NEAT1 has been shown to enhance paraspeckle formation 28, 45 , we next determined whether V1 and some representative fragments from full-length NEAT1 (Fig. 5a) were able to enhance pri-miRNA processing. Using the pri-miR-17-92a-processing reporter (Fig. 2a) , we found that transfected V1 was indeed stimulatory to pri-miR-17-92a processing, and so was a V2 fragment from the 3′ end (3′F), but not a middle fragment (midF) (Fig. 5b, left) . When the stem-loop of pri-miR-612 in the 3′F was deleted (3′F-DS), the enhancement effect was lost (Fig. 5c, left) . To further explore the molecular basis for enhanced pri-miR-17-92a processing, we incubated nuclear extracts with various in vitro-transcribed RNAs to determine their abilities to bridge the interactions between NONO-PSF and the Microprocessor. We found that both V1 and the 3′F, but not 3′F-DS, were able to efficiently bring down NONO-PSF and DGCR8 (Fig. 5b,c, right) .
Because an earlier observation indicated that V1 was able to enhance the appearance of paraspeckles, but only in the presence of full-length NEAT1 (refs. 28,45), we next tested whether full-length NEAT1 was required for enhanced pri-miR-17-92a processing by V1. We observed that the enhancement was lost in NEAT1-knockdown cells (Fig. 5d, left) . We made a similar observation using another Let-7b-based pri-miRNA-processing reporter, although V1 continued to show some effect on this reporter in NEAT1-depleted cells (Fig. 5d, right) . These observations suggest a broad effect of fulllength NEAT1. To further confirm this finding, we took advantage of a r t i c l e s NEAT1-null cell lines we generated ( Fig. 1d) and tested the requirement of full-length NEAT1 for stimulated pri-miRNA processing by the small V1 isoform or the 3′F of V2. Consistent with results from the NEAT1-knockdown experiments, we observed that both overexpressed V1 and the 3′F were able to enhance pri-miRNA processing in wild-type but not NEAT1-null cells (Fig. 5e) . Combined, these data suggest that full-length NEAT1 functions in providing a platform for enhanced pri-miRNA processing in the nucleus.
Involvement of paraspeckles in pri-miRNA processing
A recent study suggested two populations of NEAT1-containing ribonucleoprotein particles (RNPs) in mammalian cells, one in the form of numerous microscopic structures throughout the nucleus and the other as paraspeckles 46 , the latter of which may be the aggregated form of the former. In literature, the data on the involvement of paraspeckles have been controversy at this point. On one hand, it has been demonstrated that at least a fraction of pri-miRNAs are processed co-transcriptionally 9 , and retarded release of pri-miR-NAs from chromatin appears to be important for their efficient processing 7, 47 . Accordingly, DGCR8 has been localized in a largely diffused pattern in the nucleoplasm 7 . These data suggest that paraspeckles visible under the microscope may not correspond to cellular locations for pri-miRNA processing. On the other hand, one report indicated that the FLAG-tagged exogenous DGCR8 was localized adjacent to nuclear speckles 48 , and certain induced pri-miRNAs (for example, pri-miR-155) also became localized near nuclear speckles 7 . However, none of these studies verified adjacent nuclear speckles as paraspeckles by costaining with a paraspeckle marker. Therefore, although inconclusive, these existing data suggest that a subset of pri-miRNAs, especially those that are highly induced, as well as a fraction of the Microprocessor were detectable in a localized fashion under certain experimental conditions. Given such controversy, we sought to localize DGCR8 by immunochemistry and pri-miRNAs by fluorescence in situ hybridization (FISH) under various conditions, but we rarely detected signals in paraspeckles. Reasoning that such localization might become detectable only with highly expressed pri-miRNAs, we took advantage of the dramatic induction of the pri-mir-1 gene in C2C12 cells upon differentiation 49 , which we confirmed. We detected an increase in NEAT1 expression in differentiated C2C12 cells (Fig. 6a) . By immunostaining with PSPC1, we found that undifferentiated C2C12 myoblasts exhibited detectable paraspeckles, but the appearance of paraspeckles became much stronger after C2C12 differentiation into myotubes, consistent with the induction of NEAT1 (Fig. 6b) . We next performed FISH for pri-miR-1 and found that induced pri-miR-1 was indeed detectable in multiple foci and colocalized with NONO 'bird nest' model for NEAT1-orchestrated enhancement of pri-miRNA processing. Multiple RBPs, including the NONO-PSF heterodimer, interact with NEAT1_V2. Additional NEAT1_V1 and NEAT1_V2 can be recruited to build a bird nest-like structure. Distinct RBPs may bring different pri-miRNAs to the nest and various RNA secondary structures in NEAT1, including a poorly processed pri-miR-612 near the 3′ end of NEAT1_V2, may help recruit Microprocessor. These NEAT1-containing RNPs may exist in both the microscopic form (left) or become 'aggregated' to generate larger structures visible as paraspeckles (right). In both forms, these RNA-orchestrated structures may create proximity between pri-miRNAs and the Microprocessor to enhance the kinetics of pri-miRNA processing. a r t i c l e s only on differentiated C2C12 cells (Fig. 6c) . Under these conditions, we also observed that induced pri-miR-1 colocalized with DGCR8 ( Fig. 6d) . It is important to disclose that we observed such DGCR8 foci under FISH conditions but rarely saw such foci under standard immunostaining conditions, even on differentiated C2C12 cells (data not shown). These observations imply that DGCR8 may be engaged in other RNA metabolism pathways in the nucleoplasm, as suggested by its broad RNA-binding profile 44 , which may mask its localization in paraspeckles. Under FISH conditions, some of the DGCR8 interactions were weakened in the nucleoplasm, despite hybridization on fixed cells, whereas interactions in paraspeckles were preserved, thus providing a plausible explanation to the controversy in the field. Importantly, our data now suggest the involvement of NEAT1-containing RNPs in the global modulation of pri-miRNA processing, either in the form of microscopic structures throughout the nucleus or in a more aggregated form in nuclear paraspeckles, similar to cotranscriptional and post-transcriptional pre-mRNA splicing with respect to nuclear speckles.
DISCUSSION
Considering all data presented in this study, we propose a bird nest model for NEAT1-mediated enhancement of pri-miRNA processing (Fig. 6e, left) . The lncRNA NEAT1 may provide a scaffold for the NONO-PSF heterodimer and many other RBPs 28 . These RBPs may bind additional NEAT1_V1 and NEAT1_V2 isoforms as well as pri-miRNAs to form a bird-nest-like structure in the nucleus. As NEAT1 likely contains various hairpin structures that resemble pri-miRNAs, as exemplified by pri-miR-612, those secondary structures may also help attract the Microprocessor, thus facilitating kinetic interactions between pri-miRNAs and their processing machinery. These microscopic NEAT1-containing RBPs may become further aggregated to give rise to the appearance of paraspeckles (Fig. 6e, right) , especially after cell differentiation, during which some specific components of paraspeckles are induced 35 .
Although a role, or roles, of paraspeckles visible under a microscope in certain aspects of regulated gene expression will continue to be a subject of debate, our current data provide evidence for its active participation in post-transcriptional pri-miRNA processing and perhaps other RNA metabolism activities. It is well known in the field that DGCR8 is largely distributed in a diffused pattern in the nucleus, which likely reflects its involvement in multiple RNA metabolism pathways, consistent with its limited interaction with expressed pri-miRNAs and NEAT1 (Fig. 3e, bottom) based on the published DGCR8 RNA-binding profile 44 . We found that under certain conditions, such as on cells treated for FISH, a fraction of DGCR8 became detectable on paraspeckles where it colocalized with highly induced pri-miR-1 in differentiated C2C12 cells. This observation implies that the localization of DGCR8 in paraspeckles might be largely masked in most cell types. Because ~80% of pri-miRNAs reside in introns of pre-mRNAs 4, 8 and the structural integrity of paraspeckle depends on on-going transcription 12, 45 , it is tempting to speculate that its spatial relationship with splicing-factor-enriched speckles might result from the coprocessing of certain pri-miRNAs and pre-mRNAs in the nucleus.
With respect to paraspeckle-associated RBPs, we noted that NONO-PSF binding on pri-miRNAs were more prevalent in HeLa cells than in HepG2 cells, implying a degree of cell-type specificity in terms of divided labors of different paraspeckle-associated RBPs in pri-miRNA processing. It is also curious that the paraspeckle-associated protein PSPC1 appears to suppress pri-miRNA processing. This might be related to the observation that PSPC1 belongs to a distinct family of paraspeckle-associated RBPs that are not essential for paraspeckle formation or maintenance, which requires further investigation on its regulatory mechanism.
Last but not least, we need to consider the fact that Neat1-null mouse does not have gross phenotype 18 , suggesting that NEAT1enhanced pri-miRNA processing may not be essential for cell survival; however, such a process may still critically contribute to specific gene expression programs under certain developmental and/or pathological conditions, as seen in Neat1-null animals 26, 35, [50] [51] [52] [53] [54] . In any case, the data presented in this report suggest a potential new role of NEAT1containing RNPs, either in its microscopic form or as part of paraspeckles, which provides a new angle to envision and investigate the biological function of this intriguing nuclear subdomain in diverse developmental and disease processes.
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with a Leica SP8 microscope with a 63× objective lens. The primers used for probe preparation are listed in Supplementary Table 1 and the antibodies used for immunostaining are listed in Supplementary Table 2. Statistical analysis. Data shown for each experiment was based on 3 or 4 technical replicates, as indicated in individual figure legends. Data are presented as means ± s.e.m, and P values were determined by two-tailed Student's t test. All experiments were further confirmed by biological repeats.
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